Sodium sulfate is one of the most damaging and complex salts typically involved in the deterioration of our architectural heritage. One of the main difficulties is to determine which of its crystalline phases, that is, thenardite, mirabilite, or the metastable heptahydrate, will precipitate under certain conditions. Indeed, there is a significant range of temperature and relative humidity in which these phases can crystallize. Furthermore, one precipitated crystalline phase may under certain conditions transform to another one. Here, we show that nuclear magnetic resonance can be successfully used to nondestructively define the phase being precipitated. We investigate delamination of Anc xã limestone due to sodium sulfate crystallization, a type of decay which is representative of those occurring in real constructions. The decay was achieved during isothermal drying of stone specimens under different environmental conditions. The work allowed concluding that both mirabilite and heptahydrate can be responsible for this type of decay in different conditions. The heptahydrate tends to crystallize when there is no previous presence of mirabilite crystals in the porous material.
Introduction
Salt crystallization is a very harsh and frequent decay mechanism of the porous materials that constitute our architectural heritage. For salts whose solubility is temperature-dependent, crystallization can take place by temperature changes, but, typically, it takes place due to evaporative drying processes.
Among the salts found in situ, sodium sulfate is one of the most damaging (Arnold, 1976; Goudie and Viles, 1997; Price and Brimblecombe, 1994; Schaffer, 1932) . Its phase diagram is given in Figure 1 . As seen, three (main) distinct crystalline phases can be identified: mirabilite (Na 2 SO 4 Á10H 2 O), thenardite (Na 2 SO 4 ), and also the metastable heptahydrate (Na 2 SO 4 Á7H 2 O). The heptahydrate phase was largely ''forgotten'' and almost overlooked in studies related with salt damage mechanisms during the last century Saidov, 2012) . However, in the last few years, research has shown that this metastable phase can also be formed within the pores of several porous building materials (Rijniers, 2004; Saidov, 2012) . Hence, heptahydrate should also be incorporated in physical theories of salt crystallization damage due to sodium sulfate .
One of the main difficulties in the study of the damage caused by sodium sulfate is, therefore, to predict which of its three main phases will crystallize out. In particular, there are often doubts concerning which hydrated phase, mirabilite or heptahydrate is formed, as they can generally crystallize under the same conditions of temperature and relative humidity (RH). At 20°C, for instance, thenardite will only form below 77% RH. But both mirabilite and heptahydrate can form between 77% and 95.6% RH (Linnow et al., 2006) . (Hartley et al., 1908) : the bold solid lines are the solubility of mirabilite (Na 2 SO 4 Á10H 2 O) and thenardite (Na 2 SO 4 ). The bold dashed line indicates the solubility of the metastable heptahydrate (Na 2 SO 4 Á7H 2 O). The gray lines indicate the experiments performed within this work.
An a posteriori identification of the chemical species, mirabilite or heptahydrate, is also not straightforward. The metastable heptahydrate may transform into mirabilite under certain conditions (Saidov, 2012) , and mirabilite easily converts into thenardite when exposed to a favorable atmosphere. The consequent difficulty in protecting and preserving the specimens poses, therefore, serious limits to chemical identification . Powder X-ray diffraction is also unfeasible due to the time the samples need to be exposed to adverse conditions and the consequent possibility that a phase change takes place during the measurement. Recently, Hamilton and Menzies (2010) reported the use of Raman spectra to identify mirabilite and heptahydrate. However, the authors had to resort to a laborious technique: the samples were stored and analyzed in sealed glass bottles to prevent dehydration, and the heptahydrate was stored and analyzed surrounded by some supernatant to avoid its conversion to mirabilite. In addition, this technique does not allow identifying the phases directly in a porous material.
Using nuclear magnetic resonance (NMR), one can study the transport of moisture and salt solutions in porous building materials (Kopinga and Pel, 1994; Roels et al., 2004) . NMR allows monitoring the moisture distribution in a drying specimen, giving direct indication on the salt decay mechanism. By also determining the salt concentration, one can identify which sodium sulfate phase is formed in a porous material under certain environmental conditions (Rijniers, 2004; Saidov, 2012; Saidov et al., 2012) . In relation to chemical techniques, NMR has therefore the advantage that it can be used to monitor the alteration processes in real time and non-destructively. In addition, the measured concentration can give a direct indication of the current supersaturation in a porous material, giving information on the potential to damage due crystallization.
The resistance of porous building materials to salt crystallization is often evaluated using crystallization tests, such as the standardized American Society for Testing and Materials (ASTM) test (ASTM C88-13, 2013) , which consist usually of wetting-drying cycles. In the case of sodium sulfate, the damage is typically produced as the specimen is rewetted. Often it is found that this leads to massive disintegration of the material or other harsh decay patterns that do not reproduce the damages as found in situ. To overcome this situation, Diaz Gonc xalves and Brito (2014) introduced a new crystallization test that consists of a single isothermal drying event. It was performed on the Anc xa˜limestone, a material that is widely used in monuments and is found to be very susceptible to salt decay (Costa and Delgado Rodrigues, 2012). The specimens were filled with sodium sulfate solutions of different concentration, at 20°C and afterward dried at 50% RH and 20°C. In this particular crystallization test, a delamination pattern was found, which is similar to those observed in the field (Figure 2) .
In this work, we have used NMR to study the decay patterns of the Anc xa˜lime-stone due to sodium sulfate crystallization during isothermal drying under different environmental conditions. The main objectives were to investigate which is(are) the crystalline phase(s) associated with the delamination pattern, and whether distinct decay patterns arise when a different phase crystallizes.
The article is organized as follows. First, the materials and the methods used in the experiments are described. Then, the results of these experiments are presented and discussed. In the last section, the main conclusions of the work are listed.
Materials and methods

Materials
Anc xa˜limestone is a soft and fine-textured stone from Cantanhede region (Portugal) that can be found in many important buildings and monuments (Costa and Delgado Rodrigues, 2012) . The main hygric properties of this limestone are depicted in Table 1 , and the pore size distribution, as measured by mercury intrusion porosimetry (MIP), is shown in Figure 3 . As can be seen, it is a rather porous stone with a single modal pore size of 0.35 mm
NMR fundamentals
NMR is a non-destructive imaging technique for quantitative mapping of certain chemical elements in materials. Its immense possibilities justified already the attribution of five Nobel Prizes in the last 50 years (Nobel Prize, 2013) . NMR has been used in medicine since the 1980s and, more recently, it has proven to be also suitable to study transport processes in porous building materials. In the last case, however, the measurement of the NMR signal is not straightforward because porous building materials contain magnetic impurities such as ferromagnetic ions. Specific experimental procedures are therefore needed, and specially adapted NMR machines have to be used (Kopinga and Pel, 1994; Pel and Huinink, 2012) .
In NMR techniques, the specimen is placed in a strong magnetic field B 0 , which causes the individual magnetic moments of the nuclei in the molecules to align. Radio frequency (RF) pulses at the resonance frequency of the nuclei are then used to apply a secondary oscillating magnetic field B 1 ( B 0 perpendicular to B 0 . B 1 will cause the magnetic moments to rotate away from their equilibrium position. At the termination of the RF pulse, the nuclei return to equilibrium, in a process called relaxation, by emitting electromagnetic radiation and by re-transferring the energy to the surrounding molecules. This emission of energy is what is observed as NMR signal.
To allow spatial discrimination, a magnetic gradient is applied. Hence, the protons in the material will have a Larmor frequency that depends on their position. RF pulses at the appropriate frequency are then used to measure the density of the nuclei at a given position.
Experimental technique
The experimental setup is given in Figure 4 . This NMR setup is based on an ironcored electromagnet that produces a magnetic field of 0.78 T. Anderson gradient coils generate a constant gradient of 0.3 T/m over this main field in the vertical direction. This allows a resolution of 1 mm in this direction. The Anc xa˜limestone specimens used in this study were cylinders with a diameter of 18 mm and a length of 25 mm. The specimens were all capillary saturated with a 1.37 m sodium sulfate solution by partial immersion for 1 day at 20°C. Afterward, they were wrapped in Teflon tape except for the top surface that was left uncovered. The specimens were then placed in the NMR sample-holder, where their top surface was exposed to air flow of 1 L/min with controlled temperature and RH. In this way, a one-dimensional drying process (toward the open top of the specimens) was created. NMR scans were carried out along the length of the specimens with the help of a step motor that moved them vertically. It took about 83 s to determine the hydrogen and sodium contents at each position. Measuring an entire profile for the 25-mm length specimens took around 50 min. Since the duration of a typical drying experiment is several days, the variations occurring during a single scan could be neglected. Because the measurement of each point was minimized in time to avoid influence on the profile, error of concentration measurement is in the order of 60.25 m. However, for the interpretation of the data, we need to observe differences in concentrations that are over 1.00-2.00 m and, hence, beyond the resolution error.
The temperature was controlled by flowing a fluorinated heat transfer fluid (Galden Ó ) through a heat exchanger in the wall of the sample-holder. The fluid contains no hydrogen or sodium; therefore, no unwanted background signal in NMR measurements is acquired. The RH was controlled using a special humidifying machine that can create an air flow at any given flow rate and RH ranging from 0% to 100%, with an error of 60.5% RH. In order to generate a certain RH, two air flows of 0% and 100% RH are mixed at a desired proportion.
The experimental conditions used in this work are indicated in Table 2 . Two of the experiments were performed at 20°C and different RH (Tests A and B), whereas in the other tests the specimens were pre-heated at 40°C (Tests C and D). Because drying with soluble salts could take a long time, a criterion was defined that the experiments should stop when the moisture content of the material was around 40%.
In the cases where delamination took place, the thickness of the laminae was estimated by optical profilometry using a Talysurf CLI 1000 instrument, by Taylor Hobson, equipped with a non-contact CLA (chromatic length aberration) gauge with vertical range of 3 mm, vertical resolution of 100 nm, lateral resolution of 5 mm, and measuring slope of 13°. These thickness values should be considered as indicative; they represent typically the maximum thickness, as the thinner laminae are too fragile to be removed.
Results and discussion
Test A: 20°C and 50% RH In this initial test, the environmental conditions were kept identical to those where the Anc xa˜delamination pattern (Figure 2 ) was originally observed in larger specimens (Diaz Gonc xalves and Brito, 2014) , that is, 20°C and 50% RH. This initial condition corresponds to point (1) in the phase diagram of Figure 1 . The measured moisture, that is, the moisture saturation, and ion concentration profiles are shown in Figure 5 . The ion concentration profiles are obtained by dividing the measured Na ion content profiles by the corresponding moisture profiles. An image from the specimen at the end of the test showing the damage is also given in the figure.
From the moisture profiles ( Figure 5(a) ), it is seen that, during the measurement period, the specimen dried homogeneously and no receding drying front was observed. This indicates the so-called stage I of drying, where the drying front is always at the surface of the specimen. During this stage, ion will be transported to the surface by advection Pel et al., 2002) and will accumulate near the surface.
As can be seen from the concentration profiles ( Figure 5(b) ), these remained approximately constant throughout the specimen near the initial concentration. As the moisture profiles decrease at the same time, this means that in order to have a constant concentration, the Na content has to decrease. Since we have advection of ions to the surface during drying, this indicates that in this particular case, the crystallization rate for mirabilite was high enough as no relevant increase in the concentration was verified. And, indeed, at the drying side of the specimen (position = 0 mm), sodium concentration is only slightly higher than in the rest of the specimen.
At the end of the experiment, it was seen that crystallization gave rise to delamination of the stone, together with some efflorescence. The measured lamina thickness was of 0.5-0.8 mm. The subsequent dehydration of the crystals and transport of the specimen (after the end of the experiment) led to the breaking of the laminae and, so, the surface of the specimen was disintegrated (Figure 5(c) ).
Test B: 20°C and 0% RH
In a second test, we kept the initial condition the same as in the previous Test A (point 1 in the phase diagram of Figure 1 ), but changed the boundary condition to 0% RH. The measured moisture and the ion concentration profiles are shown in Figure 6 . As can be seen from the moisture profiles (Figure 6(a) ), also in this case initially the specimen dried homogeneously, indicating stage I drying. However, under these drying conditions, a receding drying front occurred after some time, which corresponds to the starting of drying stage II. From the measured concentration profiles (Figure 6(b) ), it is seen that concentration remained approximately constant during stage I, near mirabilite solubility line indicating that also in this case mirabilite was being formed near the surface. With the beginning of stage II, when a receding drying front was observed, a strong increase in concentration near the surface was observed. These high concentrations could be associated with the following:
1. Dehydration of mirabilite to thenardite, when the feed of solution is interrupted due to the receding of the drying front. If the salt was dissolved in the excess water, the observed high supersaturations could perhaps occur. This kind of dehydration was already observed in direct measurements during drying of sodium sulfate solutions by Derluyn et al.'s (2011) . The same was also observed in porous materials (Saidov, 2012) .
2. Occurrence of disconnected clusters of solution, which are left behind as the drying front recedes (Yiotis et al., 2001) . Evaporation proceeds locally from these clusters, in which the supersaturation rises so much that it reaches the solubility of thenardite. Therefore, thenardite could eventually crystallize directly from solution at these positions. Directed precipitation of thenardite at high supersaturation in building stones was previously reported, for example, by Doehne et al. (2002) . The occurrence of disconnected clusters was already studied in other research works (Gupta, 2013; Huinink et al., 2002; Kopinga and Pel, 1994; Saidov, 2012) The question of why liquid clusters are not detected in the moisture profiles, in association with the high supersaturations depicted in the concentration profiles, arises in relation to both hypotheses. The explanation may be that these are very low moisture contents, which is in agreement with the fact that it is precisely because of a reduction in moisture content that the evaporation front eventually recedes during drying.
A delamination pattern arose also in this test, as shown in Figure 6 (c). A thicker layer detached first, followed by other thinner layers. Delamination seems to be related to mirabilite crystallization because the solubility of thenardite was only reached during the subsequent stage II, in which the drying front receded further into the material. The thickness of the first detached lamina is of 0.6-0.7 mm.
Test C: 20°C and 0% RH, with pre-heating at 40°C
As to exclude the possibility that nucleation sites were already available, as in the previous Tests A and B, we conducted additional tests in which the specimen was pre-heated. In the first experiment, we repeated the previous experiment of Test B. However, after it was saturated with the salt solution at 20°C, the specimen was heated up to 40°C for some time (segment 12 in Figure 1 ) and cooled down again to 20°C (segment 21 in Figure 1 ). During pre-heating, all nucleation sites (microcrystals of mirabilite) that could still be present in the system would dissolve. Hence, assuming no influence of the porous medium on crystallization, we would have a pure solution in the material. According to Ostwald's rule of stages (Bohm, 1985) , which states that least stable polymorph crystallizes first, no formation of mirabilite was expected to occur in this case.
The measured moisture saturation and salt concentration profiles are shown in Figure 7 . As can be seen, the moisture profiles (Figure 7(a) ) show that during drying the water content decreased homogeneously throughout the specimen and no drying front was observed until the end of the experiment. This corresponds to stage I conditions, as discussed previously. The concentration initially increased slowly and a broad peak was build up near the top (Figure 7(b) ), showing that advection was only slightly dominant over diffusion. During this experiment, the concentration near the surface increased to the heptahydrate solubility, indicating that heptahydrate crystals could be formed.
There are several reasons that we can invoke to explain formation of mirabilite from a solution: presence of initial nucleation sites such as microcrystals of mirabilite, interaction of the solution with a pore matrix, or an influence of chemical contaminants present in the pores. However, it is obvious that pre-heating eliminates the reasons provoking formation of mirabilite directly from the solution. This knowledge is important in further understanding the decay patterns of Anc xa˜lime-stone stone by sodium sulfate. Test D: 7.5°C and 0% RH, with pre-heating at 40°C In order to investigate the possible damage due to heptahydrate, we have repeated the experiment with pre-heating (Test C). But in this case the specimen was cooled down to 7.5°C (segment 23 in Figure 1 ) and subsequently dried. The measured moisture content and salt concentration profiles are shown in Figure 8 . As seen, the specimen dried homogeneously under stage I conditions (Figure 8(a) ), as previously. The concentration profiles show that almost immediately after the drying had started, the concentration reached the heptahydrate solubility throughout the specimen (Figure 8(b) ). As no increase in the concentration near the surface was observed, this indicates that also in this case the crystallization rate for heptahydrate near the surface was high enough. At the end of the experiment, a peripheral fissure was observed on the surface of the specimen (Figure 8(c) ), corresponding to the detachment of a stone layer with thickness of around 0.6-0.7 mm. In this case, the damage was therefore due to the observed initial formation of heptahydrate.
Discussion of crystallizing phases and decay patterns
In Table 3 , a summary of the decay patterns and crystal phases present in the material at the end of each experiment is shown. The drying stage (I or II) during which those crystal phases precipitated is indicated.
The results in Table 3 show that the main decay pattern of the Anc xa˜limestone was delamination. This consists in the detachment of stone layer(s) pushed by subflorescence. Delamination was due to mirabilite crystallization in two cases (Tests A and B) and to heptahydrate crystallization in the other (Test D). This means that both phases are able to generate such a crystallization pressure as to be able to cause a similar type of damage to this limestone.
In salt decay literature, damage to porous building materials in this range of temperatures is usually attributed to mirabilite crystallization, because mirabilite is the equilibrium phase in contact with a saturated sodium sulfate solution below 32.4°C. However, in the last few years, some authors have suggested that the metastable heptahydrate, which may also crystallize from solution below 32.4°C, could also be relevant in this context. Rijniers (2004) observed heptahydrate crystallization inside the pores of Savonie`re stone, fired-clay brick, and calcium silicate brick during temperature-induced crystallization experiments. Latter, Saidov (2012) also observed heptahydrate crystallization within evaporation-induced crystallization experiments at 7.5°C and 5% RH (with pre-heating at 40°C) on fired-clay brick, Indiana limestone, and Cordova Cream limestone. NMR allowed these observations, which were based on the analysis of moisture and sodium distribution profiles, as we did in this work.
Here, we show that the crystallization of heptahydrate can be associated with the most harmful feature of salt decay, that is, the occurrence of physical damage in the porous material. But perhaps the most interesting observation of this work is that the same degradation pattern (delamination) can result both from the crystallization of mirabilite (Tests A and B) and heptahydrate (Test D). results of drying at 7.5°C and 0% RH after the specimen was initially saturated with 1.37 m Na 2 SO 4 solution at 20°C, heated up to 40°C, and cooled down to 7.5°C: (a) moisture profiles, (b) ion concentration profiles, and (c) image of the test specimen after the experiment. The profiles were measured every 12 h for a total time of 92 h and the arrows indicate the time evolution. The dotted lines corresponding to mirabilite and heptahydrate concentrations were drawn based on the phase diagram of Figure 1 for the given drying temperature.
RH: relative humidity.
The occurrence of one phase or another is also not associated with any variation in drying kinetics that could justify the differences in supersaturation observed in Figures 5(b) , 6(b), and 8(b). Indeed, a shown in Figure 9 , the drying kinetics does not define the crystallization pathway: both heptahydrate and mirabilite formation were observed for similar drying kinetics, but two different drying kinetics were also observed for the same crystallizing phase (mirabilite). A similar phenomenon, that is, independence of crystallization kinetics in relation to the phase of sodium sulfate being formed, was also observed by Saidov (2012) during drying and cooling . The high supersaturations, that is, above the solubility of mirabilite, are always associated with the existence of a pre-heating period (Tests C and D, in the present case). This pre-heating period was used to ensure that no crystallization would take place before the actual drying started. That could lead to the formation of mirabilite crystals and, thus, prevent further precipitation of the heptahydrate (because the two phases cannot coexist). Therefore, the fact that a high supersaturation has never been achieved without pre-heating (Tests A and B) suggests that heptahydrate tends to crystallize first when there is not previous presence of mirabilite. This is in accordance with Ostwald's rule of stages (Bohm, 1985) , which states that the preferred crystalline phase is the one with highest solubility.
The presence of crystals in the porous material and their nature determine, thus, whether it is mirabilite or the heptahydrate that will crystallize from solution. The two phases did not result in different types of damage for the Anc xa˜limestone and, in the future, it will be interesting to verify whether the same happens with other materials. Therefore, in forthcoming salt decay research, the pre-existence of crystals in the porous material should be taken into account. It seems appropriate to consider both the presence of thenardite and mirabilite. Indeed, the pre-existence of crystals of an equilibrium form is likely to occur in the porous materials of the architectural heritage, given the large periods of time involved. Which of the two, thenardite or mirabilite, depends at least on the environmental conditions, which will vary with the geographic location and season.
Conclusion
Sodium sulfate crystallization in Anc xa˜limestone was investigated under four environmental conditions. The main decay pattern was delamination, that is, the detachment of thin stone layers pushed by subflorescence. Both mirabilite and heptahydrate were responsible for this type of decay in different conditions, respectively. The heptahydrate tended to crystallize first when there was no previous presence of mirabilite crystals. NMR proved to be a valuable tool for the identification of the crystalline phases that precipitate at each depth and moment. This identification is based on the analysis of moisture content profiles and sodium concentration profiles obtained by NMR measurement of the hydrogen and sodium contents in different points of the specimens and different moments of the drying.
